In the framework of the Herschel/PRISMAS Guaranteed Time Key Program, the line of sight to the distant ultracompact H ii region W51e2 has been observed using several selected molecular species. Most of the detected absorption features are not associated with the background high-mass star-forming region and probe the diffuse matter along the line of sight. We present here the detection of an additional narrow absorption feature at ∼ 70 km s −1 in the observed spectra of HDO, NH3 and C3. The 70 km s −1 feature is not uniquely identifiable with the dynamic components (the main cloud and the large-scale foreground filament) so-far identified toward this region. The narrow absorption feature is similar to the one found toward low-mass protostars, which is characteristic of the presence of a cold external envelope. The far-infrared spectroscopic data were combined with existing groundbased observations of 12 CO, 13 CO, CCH, CN, and C3H2 to characterize the 70 km s −1 component. Using a non-LTE analysis of multiple transitions of NH3 and CN, we estimated the density (n(H2) ∼(1-5) 10 5 cm −3 ) and temperature (10-30 K) for this narrow feature. We used a gas-grain warm-up based chemical model with physical parameters derived from the NH3 data to explain the observed abundances of the different chemical species. We propose that the 70 km s −1 narrow feature arises in a dense and cold clump that probably is undergoing collapse to form a low-mass protostar, formed on the trailing side of the high-velocity filament, which is thought to be interacting with the W51 main cloud. While the fortuitous coincidence of the dense clump along the line of sight with the continuum-bright W51e2 compact HII region has contributed to its non-detection in the continuum images, this same attribute makes it an appropriate source for absorption studies and in particular for ice studies of star-forming regions.
Introduction
The high-sensitivity large-scale CO maps of giant molecular clouds provided the first evidence for the filamentary nature of the interstellar medium (Ungerechts & Thaddeus 1987; Bally et al. 1987) . The far-infrared all-sky IRAS survey and several mid-infrared surveys (ISO, Spitzer/MIPS) revealed the ubiquitous filamentary structure of both the dense and diffuse ISM (Low et al. 1984) . Most recently, the unprecedented sensitivity and large-scale mapping capabilities of Herschel/SPIRE have revealed a large network of parsec-scale filaments in Galactic molecular clouds and have suggested an intimate connection between the filamentary structure of the ISM and the formation of dense cloud cores (André et al. 2010; Molinari et al. 2010 ). Here we present evidence of the detection of a dense clump possibly formed by the interaction of an extended foreground filament with the giant molecular cloud W51.
Located at a distance of 5.41
+0.31
−0.28 kpc (Sato et al. 2010 ), W51 is a radio source with a complicated morphology in which many compact sources are superposed on extended diffuse emission (Bieging 1975) . The line of sight to W51 intersects the Sagittarius spiral arm nearly tangentially (l = 49
• ), which means that sources over a ∼ 5 kpc range of distances are superimposed on the line of sight. Based ⋆ Based on data acquired with Herschel and IRAM observatories. Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation from NASA.
on the 12 CO and 13 CO 1-0 line emission of these sources Carpenter & Sanders (1998) divided the molecular gas associated with the W51 HII region into two subgroups: a giant molecular cloud (1.2×10 6 M ⊙ ) at ∼ 61 km s −1 , and an elongated (22×136 pc) molecular cloud akin to a filamentary structure (1.9×10 5 M ⊙ ) at 68 km s −1 . While the brightest radio source at 6 cm (G49.5-0.4) is spatially and kinematically coincident with the W51 giant molecular cloud, the G49.2-0.3, G49.1-0.4, G49.0-0.3, and G48.9-0.3 radio sources seem to be associated with the 68 km s −1 cloud. Carpenter & Sanders (1998) speculated that the massive star formation activity in this region resulted from a collision between the W51 giant molecular cloud and the high-velocity (68 km s −1 ) cloud. G49.5-0.4 is the brightest source in the W51 main region. The continuum emission from the ultracompact H ii region was collectively named W51e before it was resolved into compact components, labeled as W51e1 to W51e8 (Scott 1978; Gaume et al. 1993; Mehringer 1994; Zhang & Ho 1997) . Figure 1 shows the 70 µm continuum emission as observed with PACS by HiGal in color, along with contours of 13 CO (1-0) emission integrated between 68.9 and 70.3 km s −1 to locate the GMC and the filament 1 . The continuum emission appears to be
1 The PACS data shown in Fig. 1 are a Level 2 data product produced by the standard data reduction pipeline for PACS-SPIRE parallel mode observations as obtained from the Herschel Science Archive. The 13 CO data have taken from the Galactic Ring Survey done by FCRAO available online at http://www.bu.edu/galacticring/ Fig. 1 . Color image shows 70 µm continuum emission observed with PACS. The white contours represent 13 CO (1-0) emission integrated between 68.9 and 70.3 km s −1 corresponding to the "filament", observed using FCRAO as part of the Galactic Ring Survey. The black cross shows the position of the HIFI observations. better correlated with the filament, possibly suggesting star formation activity in the filament.
As part of the Herschel key program "PRobing InterStellar Molecules with Absorption line Studies (PRISMAS) we have observed several selected spectral lines in absorption toward the source W51e2 to study the foreground material along the line of sight using HIFI. These observations have for the first time detected in absorption a component at 70 km s −1 (a velocity even higher than the velocity of the 68 km s −1 filament) along with the 57 km s −1 source velocity component, in C 3 , HDO, and NH 3 . The observation of C 3 was motivated by the importance of small carbon chains for the chemistry of stellar and interstellar environments either as building blocks for the formation of long carbon chain molecules, or as are products of photo-fragmentation of larger species such as PAHs (Radi et al. 1988; Pety et al. 2005) . C 3 has been identified with Herschel/HIFI for the first time in the warm envelopes of star-forming hot cores like W31C, W49N and DR21(OH) (Mookerjea et al. 2010 . Within the PRISMAS program, the ground-state HDO transition at 894 GHz has only been detected at the velocity of the HII regions. Based on observations of high-mass star-forming regions (Jacq et al. 1990; Pardo et al. 2001; van der Tak et al. 2006; Persson et al. 2007; Bergin et al. 2010 ) and low-mass protostars (Liu et al. 2011; Coutens et al. 2012 Coutens et al. , 2013a , the HDO/H 2 O ratio remains lower than the D/H ratio derived for other deuterated molecules observed in the same sources although it is clearly higher than the cosmic D/H abundance. This low deuterium enrichment of water could provide an important constraint to the astrochemical models to explain the chemical processes involved in the formation of water. Ammonia (NH 3 ) is a key species in the nitrogen chemistry and a valuable diagnostic because its complex energy level structure covers a very broad range of critical densities and temperatures. It has been observed throughout the interstellar medium ever since its detection in 1968 (Cheung et al. 1968 ) but mainly in its inversion lines at cm wavelengths. With Herschel it became possible to observe ground-state rotational transitions with high critical densities at THz frequencies of both ortho and para symmetries, for instance, in cold envelopes of protostars , in diffuse/translucent interstellar gas (Persson et al. 2012) , and hot cores (Neill et al. 2013) . We have combined the HIFI observations with IRAM observations of CCH, c-C 3 H 2 and CN in all of which the 70 km s −1 feature is detected in absorption. We have used Local Thermodynamic Equilibrium (LTE) and non-LTE models to derive the physical parameters of the dense clump at 70 km s −1 and its relation to the W51 molecular cloud. We also present a gas-grain, warm-up chemical model that consistently explains the abundances of all the species observed in the clump. This paper is organized as follows: Sections 2 and 3 describe the Herschel and IRAM observations, respectively. Section 4 describes the complex velocity structure observed along the sightline to W51e2. Section 5 discusses the column and volume densities derived from all the tracers that detect the 70 km s −1 clump. In Sec. 6 we compare the observed abundances of the various chemical species with a grain warm-up based chemical model. Section 7 discusses various derived properties of the 70 km s −1 clump and presents a possible formation scenario for the clump.
Observations with Herschel/HIFI
In the framework of the Herschel Key Program PRISMAS (P.I. M. Gerin), we observed the line of sight toward the compact HII region W51e2, whose coordinates are α(J2000) = 19 h 23 m 43.
The observations were performed in the pointed dualbeam switch (DBS) mode using the HIFI instrument (de Graauw et al. 2010; Roelfsema et al. 2012) onboard Herschel (Pilbratt et al. 2010) . The DBS reference positions were situated approximately 3 ′ east and west of the source. The HIFI Wide Band Spectrometer (WBS) was used with optimization of the continuum, providing a spectral resolution of 1.1 MHz over an instantaneous bandwidth of 4 × 1 GHz. To separate the lines of interest from the lines in the other sideband, which could possibly contaminate our observations, we observed the same transition with three different LO settings. This method is necessary in such chemically rich regions to ensure genuine identification of spectral lines. The data were processed using the standard HIFI pipeline up to level 2 with the ESAsupported package HIPE 8.0 (Ott 2010) and were then exported as FITS files into CLASS/GILDAS format 2 for subsequent data reduction. Both polarizations were averaged to reduce the noise in the final spectrum. The baselines obtained and subtracted are well fitted by straight lines over the frequency range of the whole band. The single sideband continuum temperature derived from the polynomial fit at the line frequency was added back to the spectra.
We followed up the detection of the 70 km s −1 velocity component in C 3 by searching for the feature in different available transitions of HDO, NH 3 , CCH, c-C 3 H 2 , and CN. Among these chosen molecules, c-C 3 H 2 and CCH are chemically related to C 3 since they are the by-products of the proposed formation route of C 3 via warm-up of the CH 4 mantle of the grains, which essentially refers to a temperature of 30 K and higher (Hassel et al. 2011) . In contrast, NH 3 and HDO are tracers of cold (20 K) and dense molecular gas. The abundance of CN is typically found to be low in hot cores, and higher in regions of intense UV fields such as the interfaces of H ii regions and molecular clouds.
Linear carbon chain, C 3
We observed four transitions of the ν 2 fundamental band, P (4), Q(2), Q(4), and P (10) of triatomic carbon using the bands 7a, 7b, and 6b of the HIFI receiver. All spectroscopic information regarding the observed C 3 lines is presented in Table 1 . The observations were carried out on October 29, 2010 and April 22 and 23, 2011 . Further details of the observations and data reduction are similar to the analysis of the W31C and W49N sources presented in Mookerjea et al. (2010) . All spectra were smoothed to resolutions of between ∼ 0.16 to 0.18 km s −1 and the rms noise level for the spectra ranges between 0.03 to 0.04 K (Fig.2) .
NH 3
We observed the ortho-NH 3 2 (Yu et al. 2010 
HDO
We observed one of the HDO fundamental transitions (1 1,1 -0 0,0 ) at 893.6 GHz (using the spectroscopic catalog JPL: Pickett et al. (1998) 
Ground-based IRAM observations

CCH with PdBI
Plateau de Bure Interferometer (PdBI) observations dedicated to the PRISMAS project were carried out with six antennas in September 2007. The 4 GHz instantaneous IFbandwidth allowed us to simultaneously observe CCH (plus six other lines) at 3 mm using seven different 40 MHz-wide correlator windows. One additional 320 MHz-wide correlator window was used to simultaneously measure the 3 mm continuum. The CCH line was detected in emission and absorption (spectroscopic details in Table 1 ).
We observed W51e2 in track-sharing mode in the D configuration (baseline lengths from 24 to 97 m). A two-fields Nyquist-sampled mosaic was needed to cover the W51e2 continuum emission. The D configuration was observed for about 7 hours of telescope time. This leads to on-source integration time of useful data of 1.5 hours for W51e2 after removing the bad data. The rms amplitude noise of the bandpass calibration was 0.5%. The rms phase noise were between 7 and 18
• , which introduced position errors of <0.
′′ 25. The typical resolution is 5. ′′ 1 and the primary beam at the frequency of the CCH transition at 87.328585 GHz is 56.
′′ 6. Table 2 presents the relevant parameters for these observations.
The data were reduced with the GILDAS software supported at IRAM (Pety 2005) . Standard calibration methods using nearby calibrators were applied. The calibrators used for the absolute flux calibration are B1749+096 (5.2 Jy) and B1923+210 (1.4 Jy), respectively. The W51e2 data were processed using natural weighting to obtain the optimal signal-to-noise ratio. The line emission extension exceeds one third of the primary beam, implying the need for short-spacings from a single-dish telescope. However, we are interested here in the absorption lines in front of the continuum source, which is compact enough to avoid the need for short-spacings. The data were deconvolved using the Högbom CLEAN algorithm with a support defined around the continuum source to guide the search of the CLEAN components.
CN and c-C 3 H 2 with IRAM 30m
The CN J = 1-0 transition was observed at the IRAM-30 m telescope at Pico Veleta (Spain) in December 2006 in wobbler-switching mode and detected through its F = 1/2-1/2, 1/2-3/2, 3/2-1/2, 3/2-3/2 hyperfine components (see Table 1 ). All the details about these observations can be found in Godard et al. (2010) . The CN J = 2-1 transition was also observed in parallel with J = 1-0 in its F = 5/2-3/2, 7/2-5/2, 3/2-1/2, 3/2-3/2, 5/2-5/2 and 3/2-5/2 hyperfine components (see Table 1 ), although this is not reported in Godard et al. (2010) . The half-power beam width is about 22
′′ at 113 GHz compared with the 11 ′′ value at 227 GHz. The c-C 3 H 2 2 1,2 -1 0,1 transition at 85.3 GHz was observed in December 2006 (Gerin et al. 2011) . The spectroscopic details are quoted in Table 1 .
New velocity component along the W51e2 sightline
To determine the spatial distribution of gas in the W51e2 region, the velocity components originating in the local gas need to be separated from those produced by gas along the line of sight to the background continuum source. Fortunately, this source was observed in detail using several transitions of atomic and molecular species. For example, H109α observations toward W51e2 showed that the average velocity of the ionized gas is ≃ 56.8 km s −1 (Wilson et al. 1970) . Koo (1997) used H i observations toward W51e2 to identify two sets of absorption features, the local features at 6.2, 11.8 and 23.1 km s −1 and features proposed to be belonging to the Sagittarius spiral arm at 51.1, 62.3, and 68.8 km s −1 . We note that for the H i observations the line widths range between 7.1 and 12.2 km s −1 with a spectral resolution of 2.1 km s −1 , thus leading to an uncertainty in the velocity determination. However, the highest velocity permitted by Galactic rotation is about 60 km s −1 in this direction. Therefore the 62.3 and 68.8 km s −1 components are most likely associated with a high-velocity (HV) stream. Note also that the CO line emission is brightest at v LSR = 58 km s −1 (Kang et al. 2010) , indicating that the ionized and molecular gas have similar velocities and are probably associated with the same radio continuum source.
Using H 2 CO observations, Arnal & Goss (1985) detected five absorption components at ∼ 52, 55, 57, 66, and 70 km s −1 toward W51e2. As discussed above, the 57 km s −1 component seems to be associated with the HII region. The 62 km s −1 component detected in H i and not in H 2 CO is understood to be a H i cloud associated with W51e2 (G49.5-0.4). H 2 CO absorption between 66 and 70 km s −1 and HI absorption at 68.8 km s −1 imply that the HV stream is in front of W51e. In the large-scale 12 CO and 13 CO channel maps, the emission feature in the 66 to 70 km s −1 velocity range traces a filamentary structure that extends across a region ∼ 1
• in size that contains most of the H ii regions associated with W51. This is consistent with the triggered star formation scenario that is due to the interaction of the filament with the main cloud, as proposed by Carpenter & Sanders (1998) . Recently, Kang et al. (2010) compared the molecular cloud morphology with the distribution of IR and radio continuum sources and found associations between molecular clouds and young stellar objects listed in Spitzer IR catalogs. Star formation in the W51 complex appears to have occurred in a long and large filament along with the H ii regions. Young stellar objects along the filament are younger and more massive than those in the surrounding regions (Carpenter & Sanders 1998) . Cloud-cloud collisions may compress the interface region between two colliding clouds and initiate star formation. The molecular clouds at this interface are heated, but the molecular clouds on the trailing side remain cold. The diffuse emission from the giant molecular cloud truncates at the location of the 68 km s −1 cloud for velocities higher than 63 km s −1 . The W51 cloud and filament are probably at a common distance since such an interface is unlikely to result from the chance superposition of unrelated molecular clouds. Figure 2 shows the observed C 3 spectra normalized to the (single-sideband) continuum level. We identify two major absorption dips around 58 and 70 km s −1 in the spectra of all three transitions of C 3 . Figure 3 shows the observed spectra of single or multiple transitions of CCH, c-C 3 H 2 , NH 3 , CN, HDO, and H 18 2 O along with the C 3 (Q(2)) spectrum for comparison. The H 18 2 O 1 1,1 -0 0,0 spectrum was observed with Herschel/HIFI as part of the PRISMAS program and has been presented by Flagey et al. (2013) .
While the 58 km s −1 component appears either in emission or in absorption, depending on the transitions, the narrow 70 km s −1 feature can be seen only as a deep absorption feature for the different species presented here. The absorption dip at 58 km s −1 is broad and most likely is a combination of the 57 km s −1 component associated with the H ii region W51e2 and the H i cloud at 62 km s −1 . We note that although the 68 km s −1 feature associated with the filament has been relatively easily detected in CO emission (Mufson & Liszt 1979; Carpenter & Sanders 1998) , the line profiles are much broader than the 70 km s −1 absorption Fig. 2 . HIFI observations of the C 3 lines. The observed spectra (in black) are corrected for the DSB continuum and normalized to the SSB continuum level. Results of simultaneous fitting of P (4), Q(2) and Q(4) are shown in red. The observed spectrum of P (10) is also shown to illustrate the non-detection.
dip detected here. Based on the results of our analyses we show in the following sections that the 70 km s −1 absorption feature can only be explained in terms of a high-density (>10 5 cm −3 ) clump that formed within the filament.
Estimations of the column and volume densities
Tables 3 and 4 summarize the basic observational results for CCH, c-C 3 H 2 , NH 3 , HDO, and C 3 . The central velocities, linewidths, and main-beam temperatures of all species are derived by fitting Gaussian components to the 70 km s −1 feature of the observed spectra. In the following analyses, we assumed that the foreground cloud at 70 km s −1 completely fills the beam.
C 3 LTE modeling
We fitted the three detected transitions of C 3 simultaneously using two Gaussian components corresponding to two velocity components per transition. The fit derives a common v LSR and full width at half maximum (∆v) for each of the velocity components for all transitions as well as the strength of the absorption dips. Table 4 presents the single-sideband continuum levels (estimated from doublesideband temperatures assuming a sideband gain ratio of unity) and the opacities derived from the Gaussian fitting. Assuming LTE we used the level-specific column densities derived from the C 3 absorption dips (Table 4) following the rotation diagram method. For the 58 km s −1 component we estimate the rotation temperatures (T rot ) and total column density (N (C 3 )) to be 10 K and 1.0×10 14 cm −2 , respectively, for the 70 km s −1 component these are 10 K and 6.0×10
13 cm −2 , respectively. Since the determination of T rot and the column density involves fitting of only two Fig. 3 . Left: comparison of velocity structure seen in C 3 spectra with that seen in transitions of CCH, c-C 3 H 2 , HDO, and CN. The H 18 2 O spectrum along with a Gaussian fit are taken from Flagey et al. (2013) . Right: multiple transitions of NH 3 observed with Herschel. The dashed vertical lines correspond to the 57.8 and 69.6 km s −1 components as found in the C 3 observations (see Table 4 ). datapoints with associated uncertainties to estimate two parameters, the derived parameters are expected to have very large uncertainties. Additionally, since the far-infrared continuum radiation is known to contribute significantly to the excitation of C 3 (Roueff et al. 2002) , an accurate estimate of temperature can only be obtained using rigorous radiative transfer treatment. We therefore only used the derived total column densities from the LTE analysis.
Column density estimates from LTE modeling: CCH and c-C 3 H 2
We used the IRAM-30m c-C 3 H 2 observations presented by Gerin et al. (2011) and the IRAM-PdBI CCH observations to compute the column densities in the absorption components along the line of sight to W51e2 using the CASSIS software 3 . For CCH we used the average (taken over 5 ′′ ) spectrum centered on the HIFI position observed with PdBI for modeling. We detected the 70 km s −1 absorption feature in only one transition of each of CCH and c-C 3 H 2 . Since both CCH and c-C 3 H 2 lines at 70 km s −1 appear in emission instead of absorption for T ex >3 K, we derived the molecular column densities for each velocity component in absorption assuming that the excitation temperature equals the CMB. The ratio of the column densities of CCH and c-C 3 H 2 in the 70 km s −1 component (∼ 67) is similar to the value found in the extended ridge component (N(H 2 ) = 3 × 10 23 cm −2 ) of the OMC-1 region (Blake et al. 1987 ) (see Sec. 7.1). The H2 density and kinetic temperature found are valid to within 50%.
Volume density estimates from NH 3
Because the ortho-NH 3 fundamental transition at 572.5 GHz are highly optically thick, with blending in the line of sight (see Fig. 3 ), the 1168.5, 1214.8, 1215.2, and 1763.8 GHz transitions were used to separate the different components and extract the 69.2 ± 0.2 km s −1 component. The results from the Gaussian fitting procedure are presented in Table 3 . Indeed, the 572 GHz transition is affected by blending and saturation effects and does not allow us to obtain a reliable estimate for the ortho-to-para ratio in the 70 km s −1 cloud, in addition to n(H 2 ) and T kin . Furthermore, we do not have additional observations that might be used to identify the NH 3 formation process (temperature and mechanis in particular) (Persson et al. 2012) and the H 2 ortho-para ratio (Faure et al. 2013 ), both of which are known to result in an NH 3 ortho-para ratio significantly different from unity. We assumed the ortho-topara ratio to be equal to the statistical equilibrium value of unity. The ortho-and para-NH 3 collisional coefficients with para-H 2 (Danby et al. 1988) were used in the non-LTE RADEX computations within CASSIS. In the CASSIS database the ortho and para separation is provided with partition functions for temperatures between 3 and 300 K. Note that there is a discrepancy between the fitted line widths of the two 2 1 -1 1 (∼ 3 km s −1 ) transitions and the 2 The best-fitting model for the 70 km s −1 cloud is obtained for a line width of 2 km s −1 with an H 2 density of 5× 10 5 cm −3 , and a kinetic temperature of ∼ 30 K, with a column density of 4.2 × 10 13 cm −2 for each symmetry. Hence the total estimated column density of NH 3 is 8.4×10
13 cm −2 .
Volume density estimates from CN
We observed the J=1-0 and 2-1 transitions of CN using the IRAM 30 m. CN 1-0 is a four component multiplet that appears in absorption against the 0.95 K continuum, and CN 2-1 is a six component multiplet, four components of which appear in absorption against the 2.1 K continuum (the other components are blended with the emission components at the source velocity). Figure 4 shows the observed spectra along with the best-fit LTE model for T ex =3 K, v LSR = 69.5 km s −1 , line width of 0.6 km s −1 and a total column density of 5.8×10
13 cm −2 . Recently, the collision rates have been computed with p-H 2 taking into account all the CN hyperfine levels (Kalugina et al. 2012) . Assuming the line width of the 70 km s −1 component to be 0.6 km s −1 , we ran a non-LTE model (RADEX) to reproduce the seven CN hyperfine components seen in absorption and found a density of n(H 2 ) ∼ 10 5 cm −3 (assuming that H 2 is mainly in its para form) and a kinetic temperature of ∼ 6 K with a column density of ∼5.5×10
13 cm −2 . Both the density and temperature required to explain the observed CN spectra are lower than the values required to explain the observed ammonia transitions (see Table 6 ). A possible reason for the low temperature derived can be the possible dilution of the continuum within the beam, combined with a cold foreground component that is covering part of the continuum. Assuming a higher continuum value (e.g. 1.7 K, as found for CCH) would lead to a 10 K kinetic temperature for the 70 km s −1 component. We therefore consider 6 K to be a lower limit for the temperature derived from CN. However, given the significantly different temperatures (30 K) and densities (5×10 5 cm −3 ) found for NH 3 along with the extremely narrow line width of the CN lines compared with those found in NH 3 , C 3 , and HDO, it is very likely that CN arises from a colder and less dense envelope, possibly giving rise to CCH and c-C 3 H 2 as well.
HDO
Most of the compact H ii regions observed within the PRISMAS Key Program present a broad absorption profile in the 893 GHz fundamental transition of HDO at the source v LSR . The W51 region is the only high-mass source where this transition appears as a deep narrow (< 2 km s −1 ) feature at a velocity higher than the source velocity. The other HDO fundamental transition at 464 GHz has also been observed but the high-velocity absorption feature is not detected reliably above the noise of the spectrum (rms = 0.13 K). From the narrow component observed at 893 GHz, we can state that this component is clearly localized and probably not extended along the line of sight. Both HDO ground-state transitions have high critical densities (> 10 7 cm −3 ) and do not provide strong constraints on the kinetic temperature or density for the range found with the NH 3 and CN analysis. Because the NH 3 transitions trace a dense region in the filament, which is also more likely to Fig. 4 . Top panels: observed spectra of CN 1-0 (left) and CN 2-1 (right) shown in black. We also show the best-fit LTE model (using the CASSIS software) corresponding to T ex =3 K, v LSR = 69.5 km s −1 , ∆v= 0.6 km s −1 , and N CN = 5.8×10
13 cm −2 . The data and the relevant best-fit model spectra are enlarged in the four panels below. The details of the CN(1-0) transitions are middle row left: 1,1/2,1/2-0,1/2,3/2 and right: 1,1/2,3/2-0,1/2,1/2; bottom row left: 1,1/2,3/2-0,1/2,3/2. emit in HDO than the lower density and lower temperature region that is traced by CN, we estimate for T kin = 30 K and n(H 2 ) = 5×10 5 cm −3 the total HDO column density under non-LTE to be 1.5×10 12 cm −2 , which is similar to the LTE value with an excitation temperature of 3 K.
Chemical modeling of abundance
In the absence of a direct estimate for the H 2 column density for the 70 km s −1 clump, we expressed the abundances of all the observed molecules C 3 , c-C 3 H 2 , NH 3 , CN, and HDO (Table 7) relative to the column density of CCH and compared this with the results of the Ohio State University (OSU) gas-grain chemical model with a warm-up (Hasegawa et al. 1992; Garrod & Herbst 2006) . A previous version of this model has already been used to interpret the abundance of C 3 in the warm envelopes of hot cores such as W31C, W49N, and DR21OH (Mookerjea et al. 2010 . While the 70 km s −1 component is not directly associated to the hot core, the necessity of grain warm-up in explaining the abundance of C 3 in dense environments was illustrated by Hassel et al. (2011) . As explained by Mookerjea et al. (2012) , formation of C 3 in dense environments cannot proceed via the gas-phase pathway as in diffuse clouds and requires desorption (either by radiation or by cosmic ray) of CH 4 from icy grain mantles to produce C 2 H 2 , which reacts further to produce C 3 .
The chemical model is adapted from models of the hot-core phase of protostellar sources (Viti et al. 2004; Garrod & Herbst 2006) . Standard hot-core chemistry requires that dust grains build up icy mantles at early times, when the temperature is low (∼10 K) and the core is in a state of collapse (Brown et al. 1988) . Later, the formation of a nearby protostar quickly warms the gas and dust (warm-up phase), re-injecting the grain mantle material into the gas phase, and stimulating a rich chemistry. Thus, hot-core models can involve three distinct phases: (i) the collapse of a cold clump of interstellar gas to high densities, (ii) heating of this clump, and the subsequent evaporation of grain mantles, and (iii) the hot-core phase. The present model examines (ii), the warm-up phase, and starts from the time at which the clump has collapsed to the high density and considers heating of the constant density clump and subsequent grain surface and gas-phase chemistry, corresponding to Phase 2 of Viti et al. (2004) , based on the approximation of Hassel et al. (2008) . In the warm-up approach, a one-point parcel of material undergoes an initially cold period of T 0 = 10 K with a duration of t = 10 5 yr, followed by a gradual temperature increase to a maximum temperature, T max . A heating time-scale of t h = 0.2 Myr was adopted following Garrod & Herbst (2006) , in which the temperature reaches T max by 0.3 Myr. In the warmup, the dust and gas temperatures are assumed to be equal and follow the same evolution. Unlike the hot-core models, it is unclear whether the filament harbors star formation. We therefore considered values of T max that represent relatively mild warming. The physical parameters adopted are the same as used by Garrod et al. (2007) and Hassel et al. (Table 1; 2008) , including a canonical value for cosmic-ray ionization rate ζ = 1.3 × 10 −17 s −1 . The simplified warm-up and the estimates for the parameters were previously adopted by Hassel et al. (2008) following Garrod & Herbst (2006) to investigate the details of chemical evolution without a strict dependence on a particular dynamical model, and have since been used in Hassel et al. (2011) and Mookerjea et al. (2012) . Although the dense clump may not contain a hot core, we adopted the same approach in this model for the same general reason, and in particular to incorporate reactions involving D-bearing species into a familiar modeling procedure.
The gas-grain chemistry reaction network has been expanded since the previous C 3 models to include HDO, and now comprises 7882 reactions involving 735 gaseous and surface species. We included the major gaseous D-exchange reactions of the UMIST database (McElroy et al. 2013) , the major surface reactions identified by Stantcheva & Herbst (2003) , and gas-phase reactions related to HDO using the approach of Aikawa et al. (2012) . The initial chemical abundances were adopted from Garrod et al. (2007) , and The observed multiple transitions of NH 3 provide the only independent estimate of the density and temperature of the filament that gives rise to the 70 km s −1 component. Here we present a comparison of the observed abundances for all molecules considered with the abundances predicted by the chemical model for which T max is 30 K and the molecular hydrogen density is 5×10 5 cm −3 (Fig. 5) . The predicted abundances of all molecules are significantly different from the observed values at times earlier than ∼ 3 Myr. The abundances of NH 3 , CCH, and CN predicted by the model match the observed abundances well at all times beyond t = 3.5 Myr. The model abundance of c-C 3 H 2 , is significantly higher than the observed abundance, at all times. Previous models using a similar chemical network have also demonstrated a larger calculated abundance than the observation (Figure 4 ; Hassel et al. 2011) . It is also possible that c-C 3 H 2 arises in a colder and less dense envelope (similar to CN), than the values of n(H 2 ) and T max used in the model presented here. Beyond 5 Myr the model abundance of C 3 approaches the observed abundance for all times up to t=70 Myr. For C 3 the model abundance is within a factor of 3 of the observed abundance for all times later than 5 Myr. The HDO model abundance is consistent to within a factor of 2.5 of the observed abundance between 3.5 to 30 Myr and diverges farther at later times.
Discussion
In the direction of W51e2 we have for the first time detected HDO and C 3 in a dense molecular clump at 70 km s −1 that is not directly associated with hot star-forming cores.
C 3 in dense clouds has so far only been detected in the warm envelopes associated with star-forming cores. Abundance of C 3 in dense clouds is explained via warmingup of grain mantles to release CH 4 and subsequently C 3 H 2 , the first step in the chemical pathway for the formation Mookerjea et al. (2012) of C 3 , as explained in detail in Hassel et al. (2011) and Mookerjea et al. (2012) . Thus, detection of C 3 in the dense clump at 70 km s −1 otherwise not identified as a starforming region is as surprising as the detection of deuterated water in the cloud that is physically not related to the W51 region. HDO is most likely formed in the ice mantles within cold (<20 K) translucent clouds (Cazaux et al. 2011) in regions shielded from UV radiation. Indeed, at A v 3 (Whittet et al. 1988) , species from the gas phase accrete onto dust grains and initiate ice formation. After the formation of water and deuterated water in the ice mantles in the star formation scenario, the environment undergoes gravitational collapse and the local density increases, leading to the formation of a protostar. The surrounding medium then heats up and releases the icy mantles into the gas phase, leading to a significant HDO abundance in the gas phase (Coutens et al. 2012 (Coutens et al. , 2013b . Based on the non-LTE modeling of the five observed NH 3 transitions, we characterize the region of the that filament gives rise to the 70 km s −1 feature as having T kin = 30 K and n(H 2 ) = 5×10 5 cm −3 . The abundances predicted by the grain warm-up chemical model reproduce the observed abundances to within factors of 2 to 3 at all times later than 3.5 Myr for all species except for c-C 3 H 2 .
CCH/c-C 3 H 2 ratio in the clump
Previous observations of CCH and c-C 3 H 2 toward dense dark clouds and Photon Dominated Regions (PDRs) derived a tight correlation between the two species. The ratio N (CCH)/N (c-C 3 H 2 ) is ∼ 61 in OMC-1 (Blake et al. 1987) and it ranges between 10 and 25 in PDRs such as Horsehead nebula and IC63 whereas in dark clouds such as TMC-1, and L134N the ratio is ∼ 1 (Teyssier et al. 2004) . For the dense clump detected toward W51e2 the observed N (CCH)/N (c-C 3 H 2 ) of 67 is closer to the value observed in the dense active star-forming region OMC-1 than to the values seen in UV-illuminated clouds and dark clouds.
Deuterium enrichment in the clump
Using Herschel/HIFI, a number of transitions of H 2 O and H 2 18 O species corresponding to a range of excitations have been observed for the first time. The 70 km s −1 feature is detected unambiguously in the H 2 O 2 0,2 -1 1,1 transition as well as the H 2 18 O 1 1,1 -0 0,0 transition (Flagey et al. 2013 ). However, an accurate determination of the total H 2 O column density is compromised by the crowded environment along the line of sight with high optical depth, as well as by partial blending of the components. The column density for the less abundant para-H 2 18 O species is estimated to be (7 ± 1) 10 11 cm −2 for the 70 km s −1 . The abundance ratio between 16 O and 18 O is commonly accepted to be ∼ 560 (Wilson & Rood 1994) , although significant variation has been observed throughout the Galaxy. Accordingly, we estimate a D/H ratio in water vapor of about 9.6 × 10 −4 (assuming an ortho-para ratio of 3), similar to the value found in Orion KL by Neill et al. (2013) . This ratio has also been estimated from HDO observations of the low-mass protostar IRAS 16293-2422 (Coutens et al. 2012 (Coutens et al. , 2013a . The derived values of HDO/H 2 O were 1.8×10 −2 in the hot core, 5×10
−3 in the cold envelope, and about 4.8×10 −2 in the external photodesorption layer. The value estimated from our analysis is consistent with the value found in the cold envelope of the IRAS 16293-2422 low-mass star-forming region, in which the ices are not affected by thermal desorption or photo-desorption by the FUV field. For the best-fit grain warm-up model that reproduces the observed abundances of the other molecules, at times later than 3.5 Myr the HDO/H 2 O ratio drops from 0.002 to 0.001 for an initial HD/H 2 ratio of 1.5 × 10 −5 . The calculated HDO/H 2 O ratio is consistent with the observed ratio of 9.6 × 10 −4 . Although HDO forms in the medium density, pre-collapse phase, it mostly remains on grain mantles, since the nonthermal desorption mechanisms have a limited efficiency. In these models, which reach only 30 K, the release of HDO into the gas phase is attributed to nonthermal processes related to cosmic-ray interactions rather than warming up or direct FUV photodesorption. Although the chemical model predicts an HDO/H 2 O ratio consistent with the observed value for t > 3.5 Myr, it overestimates the HDO/H 2 O ratio by more than a factor of 10 for earlier times t < 1 Myr. The calculated HDO/H 2 O ratio is substantially enriched above the initial HD/H 2 ratio, primarily because of the grain surface formation route of HDO. The ratio is furthermore enriched above the observed value because of the lower column density of H 2 O calculated by the chemical models. We explored the possibility of enhanced cosmic-ray ionization rates. For enhanced cosmic ray rates the chemical models produce abundances very different from the observed values for all molecules. This result for the 70 km s −1 cloud is in contrast to the higher values of ζ deduced by Indriolo et al. (2012) along the same line of sight for the absorption features arising because of diffuse foreground. This implies that the absorbing gas is not diffuse, but is dense with a standard value of ζ.
Possible origin of the clump
The 70 km s −1 absorption dip caused by the foreground material in the direction of W51e2, although not associated with a star-forming core, shows chemical abundances typically found in the envelopes of low-mass protostellar candidates. We propose that the feature arises in a dense (n(H 2 )=(1-5)×10 5 cm −3 ) and cold (10-30 K) clump that is formed within the much larger scale filament (detected in CO) deemed to be interacting with the W51 main molecular cloud. A possible scenario for the formation of the dense clump can be outlined based on the collision of the filament with W51 main (Kang et al. 2010) . In this scenario, cloudcloud collision lead to the compression of the interface region and initiate the formation of stars as seen in W51 (Habe & Ohta 1992) . The molecular clumps at the interface are heated, but the molecular clumps on the trailing side remain cold and hence appear in absorption. Models for collision between two different clouds suggest that such collisions disrupt the larger cloud while the small cloud is compressed and subsequently forms stars. It is possible that the dense clump detected in absorption is formed on the trailing side of the filament that interacts with the main molecular cloud. Based on its density and somewhat elevated temperatures (∼ 30 K), it is also possible that this cloud is also collapsing to eventually form stars. In the absence of any observational evidence, we currently do not consider the source to be an IRDC. We suggest that the nondetection of this star-forming clump in the continuum is due to its chance coincidence along the line of sight with the much stronger W51e2 continuum source.
Higher spectral and angular resolution observations of the foreground gas responsible for the absorption dip at ∼ 70 km s −1 are needed to understand its spatial distribution. We also propose to explore a clearer detection of the protostar using mid-infrared observations of the strong spectral features of molecular ices toward this region.
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